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Introduction
============

Severe sepsis is an exceedingly common cause of death in medical and surgical intensive care units. The sepsis syndrome involves a complex series of events that are caused by an excessive stimulation of the innate immune system. During the course of this dysregulation, the blood coagulation cascade is triggered, leading to the clinical signs of disseminated intravascular coagulation and microvascular thrombosis. Microvascular thrombosis is controlled by the anticoagulant protein C (PC) pathway, and recombinant human activated protein C (APC) has recently been approved for the treatment of severe sepsis syndrome. There is increasing preclinical and clinical evidence that proteases of the coagulation system affect the inflammatory response, independent of their role in initiating and controlling blood clotting. Here, we review current concepts of the basic mechanism of cell signaling by coagulation complexes. We discuss the role of coagulation complexes in the inflammatory dysregulation that occurs in sepsis and the implications of these findings for anticoagulant therapy in septic patients.

Cell surface multiprotein complexes regulate the blood coagulation cascade
==========================================================================

A circulatory system requires mechanisms that prevent blood loss, as well as those that counteract unwanted intravascular obstructions in the form of thrombi. Hemostasis is initiated and propagated through multiprotein complexes assembled on the surface of cells (Fig. [1](#F1){ref-type="fig"}) \[[@B1],[@B2]\]. Typically, these complexes consist of a cofactor/receptor, an enzyme, and a substrate moiety.

The coagulation cascade is initiated by the cell surface receptor tissue factor (TF), which is expressed constitutively by extravascular cells (pericytes, cardiomyocytes, smooth muscle cells, keratinocytes) and by vascular monocytes and endothelial cells upon induction by inflammatory cytokines or endotoxin \[[@B3]\]. TF is the high-affinity cellular receptor for coagulation factor VIIa (VIIa). In the absence of TF, VIIa has very low catalytic activity, and binding to TF is necessary to render VIIa functional by an allosteric mechanism \[[@B4]\]. The TF--VIIa complex activates factor X (X) to Xa. Xa in turn is recruited to its cofactor Va into the prothrombinase complex on platelets. Platelets are essential to propagate a burst of thrombin generation that is dependent on procoagulant lipids that are typically exposed on the surface of activated platelets. In a positive feedback loop, thrombin activates the nonenzymatic cofactor VIII to VIIIa, which binds factor IXa to form the intrinsic X activation complex. Additional Xa that is generated by this complex amplifies the production of thrombin, which acts as the central effector protease in hemostasis. Thrombin activates platelets, converts fibrinogen to fibrin, and promotes fibrin cross-linking by activating factor XIII, leading to a stable hemostatic plug at sites of interrupted vascular integrity where TF is exposed on extravascular cells.

Sensitive markers of coagulation factor activation products show that thrombin is generated at low levels within the vasculature under physiologic conditions and at increased rates upon systemic stimulation by inflammatory cytokines, such as tumor necrosis factor (TNF)-α, which upregulates TF in endothelial cells and monocytes \[[@B2]\]. If the vascular integrity is unperturbed, then low concentrations of intravascular thrombin do not precipitate a thrombotic response. Rather, thrombin activates the essential anticoagulant PC pathway \[[@B5]\], in which APC degrades the cofactors Va and VIIIa on platelets and endothelial cells. APC generation involves two endothelial cell receptors, namely thrombomodulin and endothelial PC receptor (EPCR). Thrombomodulin is a cofactor/receptor for thrombin and changes thrombin\'s specificity from procoagulant functions to activation of PC \[[@B6]\]. EPCR is an endothelial cell specific receptor for both PC and APC \[[@B7]\]. Recruitment of PC to EPCR enhances the activation of PC by thrombin--thrombomodulin, thus localizing the anticoagulant pathway to the endothelial surface.

The biochemical mechanism of receptor-dependent activation of these enzyme cascades produces unique biologic properties. For example, the initiating events and the downstream hemostatic response may become uncoupled under certain circumstances *in vivo*. When healthy volunteers are challenged with inflammatory cytokines, measurements of activation peptides derived from X and prothrombin show that increased Xa generation can occur without subsequent thrombin generation \[[@B8]\]. The reason for this seemingly paradoxic finding is the basic mechanism of how X is activated by TF--VIIa. In the TF-initiated coagulation reaction, the TF--VIIa complex binds substrate X and forms a ternary TF--VIIa--X complex (Fig. [1](#F1){ref-type="fig"}). Only in this complex is the product Xa efficiently generated. Xa has affinity for TF--VIIa and thus does not dissociate immediately, but rather stays with TF in a ternary TF--VIIa--Xa complex. Only upon dissociation from TF--VIIa can Xa bind to Va and thus activate prothrombin. As a consequence, if Xa does not dissociate from TF--VIIa, then no thrombin is generated *in vivo*. The ternary TF--VIIa--Xa complex is the target for physiologic regulation by TF pathway inhibitor (TFPI), which simultaneously interacts with VIIa and Xa to form a stable quaternary TF--VIIa--Xa--TFPI complex \[[@B9]\]. Inhibition by TFPI provides the physiologic mechanism that effectively counteracts subsequent thrombin generation \[[@B10]\].

The concentration of circulating substrate X is sufficient to saturate TF--VIIa, once the complex is exposed to the blood. In contrast, substrate PC is typically preassembled with the endothelial surface, because it binds efficiently to EPCR under physiologic conditions (Fig. [1](#F1){ref-type="fig"}). When traces of thrombin are trapped by endothelial cell thrombomodulin, the thrombin--thrombomodulin complex activates PC bound to EPCR. Because APC has similar affinity as PC for EPCR, an early event in the anticoagulant pathway is to generate APC that is associated with the endothelial cell surface. Similar to Xa that is released from TF--VIIa--Xa, APC can subsequently dissociate from EPCR and produce generalized anticoagulant effects by inactivating cofactors Va and VIIIa on other cells. The procoagulant and anticoagulant pathways thus initially generate cell surface associated proteases that may serve functions other than hemostasis or antithrombotic control. Of relevance for sepsis, the proteases generated in the cellular context mediate cell signaling, influencing the inflammatory balance within the vasculature.

Protease-activated receptors mediate cell signaling *in vivo*
=============================================================

In order to adapt to their extracellular environment, living cells have sensors for extracellular proteolytic activity, namely the protease-activated receptors (PARs) \[[@B11],[@B12]\]. PARs are seven-transmembrane-domain, G-protein-coupled receptors, and the activation mechanism for these receptors was first established for the thrombin receptor PAR1. PARs are activated by cleavage of a specific arginyl peptide bond in the amino-terminal ectodomain, leading to the exposure of a neo-amino terminus that folds back and activates the receptor (\'tethered ligand mechanism\'). Proteases of the coagulation system are the major activators of PARs, suggesting that PARs have evolved to regulate cellular functions associated with the response to vascular injury.

Of the four known human PARs, PAR1, PAR3, and PAR4 are activated by thrombin. The physiologic importance of thrombin-dependent PAR signaling is clearly demonstrated by the hemostatic defect of mice that lack the platelet expressed, thrombin-sensing PAR4 \[[@B13]\]. PAR1 has been implicated as a proinflammatory receptor in a thrombin-dependent model of crescentic glomerulonephritis \[[@B14]\]. PAR2 is not directly activated by thrombin, but appears to be a less selective sensor for several proteases, including trypsin and mast cell tryptase. PAR2 is involved in leukocyte marginalization and extravasation \[[@B15],[@B16]\] and can support inflammation by a neurogenic mechanism \[[@B17]\], but anti-inflammatory effects were also observed upon PAR2 stimulation \[[@B18]\]. These opposing effects suggest that the specific response to PAR signaling depends on the biologic context and the relevant activating protease in these models of inflammation.

Role of coreceptors in protease-activated receptor signaling by coagulation proteases
=====================================================================================

Although originally identified as the prototypical thrombin receptor, PAR1 is recognized increasingly as a target for other proteases. Unlike thrombin, most other proteases depend on cofactors for the efficient cleavage of PAR1 and PAR2 (Fig. [2](#F2){ref-type="fig"}). In recent studies \[[@B19],[@B20],[@B21]\] we analyzed the specificity of PAR cleavage by coagulation complexes in overexpression systems, as well as in primary endothelial cells. Free Xa inefficiently cleaves PARs \[[@B19],[@B22]\]. However, in the TF-initiated coagulation reaction, Xa transiently bound in the ternary TF--VIIa--Xa complex potently activates PAR1 and PAR2 \[[@B20]\]. Neither Xa generated by the intrinsic activation complex VIIIa-IXa nor Xa bound to Va signal efficiently through PARs \[[@B19],[@B20]\]. TF--VIIa can also activate PAR2 \[[@B20],[@B22]\], but PAR activation by TF--VIIa is much less efficient in comparison with the signaling of the ternary TF--VIIa--Xa complex that is mediated by Xa. Thus, the TF-initiation reaction produces highly efficient and specific signaling through PARs.

These experiments lead to the novel concept that protease signaling is mechanistically coupled and is an integrated part of the TF-initiated coagulation pathway. Because downstream coagulation is not triggered unless Xa is released from TF--VIIa, coagulation protease signaling can occur early and separately from massive activation of thrombin generation. More importantly, inhibiting thrombin and blocking the microthrombosis during disseminated intravascular coagulation does not influence directly the early signaling events that are solely dependent on the expression of TF by vascular and extravascular cells.

The concept that cell signaling is coupled to the initiation of a protease cascade may be extended to the anticoagulant pathway (Fig. [2](#F2){ref-type="fig"}). PC bound to EPCR is activated by thrombin--thrombomodulin, but APC stays associated, at least temporarily, with its endothelial cell receptor EPCR. EPCR serves as an essential coreceptor in the activation of PAR1 and PAR2 by APC in heterologous expression systems \[[@B21]\]. Physiologically relevant primary endothelial cells express both PAR1 and PAR2 but, unlike the finding in heterologous expression systems, APC selectively activates PAR1 in endothelial cells \[[@B21]\]. The activation of the anticoagulant PC pathway on endothelial cells is thus linked to EPCR-dependent PAR1 signaling. Interestingly, EPCR is a major histocompatibility class I-like receptor closely related to CD1d \[[@B23]\], whereas TF is related to interferon receptors \[[@B2]\]. The cellular initiation of the procoagulant and anticoagulant pathways thus appears to have coevolved with the expansion of a more complex immune system in vertebrates. That these receptors orchestrate protease signaling through PARs indicates potential immunomodulatory roles of protease complex signaling.

Preclinical data indicate a separation of thrombotic and inflammatory pathways
==============================================================================

Given that the blood coagulation cascade is evolutionarily closely related to enzyme cascades of the innate immune response, it is not surprising that numerous molecular links between coagulation and inflammation have been established *in vivo* \[[@B24]\]. Inflammatory mediators not only promote coagulation, but also the products of the coagulation system can in turn profoundly affect the inflammatory response. Bacterial septicemia has provided the most convincing example of an association of the TF-initiated coagulation pathway with inflammation *in vivo*. In a lethal baboon sepsis model, administration of inhibitors of the ternary TF--VIIa--Xa complex (e.g. antibodies to TF, active site blocked VIIa, and TFPI) resulted in marked reductions in mortality, along with therapeutic benefits in reducing the ongoing coagulopathy \[[@B25],[@B26],[@B27]\]. However, lethality was not prevented by complete inhibition of microthrombosis and consumptive coagulopathy with DEGR-Xa, an active site-modified, inactive derivative of Xa that binds to Va, and thus selectively and potently blocks thrombin generation by the prothrombinase complex \[[@B28]\]. Conversely, producing disseminated intravascular coagulation by infusion of purified TF does not recapitulate the proinflammatory effects that result from endotoxin-mediated induction of the endogenous TF-driven coagulation pathways \[[@B29]\]. Taken together, these findings strongly suggest that the initiation phase of the coagulation pathways can sustain an inflammatory lethal response, independent of the downstream effector protease thrombin and coagulation-related effects.

The PC pathway also has anti-inflammatory effects that are independent of its anticoagulant function. Early studies in dogs demonstrated that infusion of thrombin blocks the lethal inflammatory response to endotoxin \[[@B30]\]. Infusion of thrombin into primates clearly demonstrated that low doses of thrombin act primarily as an anticoagulant by generating APC without activating coagulation or platelets \[[@B5]\]. That thrombin-dependent APC generation mediates protective effects in sepsis models was convincingly shown by direct infusion of APC into baboons challenged with *Escherichia coli* \[[@B31]\]. APC reduced coagulation abnormalities, organ failure, and lethality. Because DEGR-Xa completely blocked the coagulation abnormalities in the same sepsis model without reversing lethality, the beneficial anti-inflammatory effects of APC must, at least in part, be independent of its anticoagulant role. In other models, APC reduced nitric-oxide-mediated hypotension and cytokine-mediated pulmonary or renal vascular injury \[[@B32]\]. Again, anticoagulation with thrombin inhibition did not exhibit the same beneficial effects, further supporting the notion that anti-inflammatory effects of APC are independent of its anticoagulant action. The preclinical evidence is thus consistent with a physiologically relevant pathway in which thrombin--thrombomodulin dependent APC generation triggers protective anti-inflammatory effects *in vivo*. The recently demonstrated clinical efficacy of APC in reducing lethality in patients with severe sepsis \[[@B33]\] further emphasizes the importance of the coagulation signaling mediated regulation of inflammatory balance in clinical settings.

Protective effects of the activated protein C-PAR1 signaling pathway
====================================================================

Several *in vitro* studies indicated that APC has anti-inflammatory effects on monocytes and endothelial cells \[[@B34],[@B35],[@B36],[@B37]\], but the precise mechanism of action of APC remained unclear and several studies had used supraphysiologic concentrations of APC. Large scale expression profiling provided compelling evidence that all gene induction events that follow endothelial cell stimulation with low concentrations of APC are mediated through activation of PAR1 \[[@B21]\]. PAR1-dependent APC signaling induced a number of genes that are known to downregulate proinflammatory signaling pathways (e.g. TNF-α-induced protein A20, tristetraprolin) and that counteract apoptosis (i.e. inhibitor of apoptosis protein 1, Bcl2 homologue A1, GADD45B). Thus, the PC pathway on endothelial cells can be considered an autocrine mechanism that protects the endothelium from damage during ongoing inflammation.

Gene expression profiling also showed that monocyte chemoattractant protein (MCP)-1 (also known as chemokine ligand 2) is upregulated by APC-mediated PAR1 signaling, but not by activation of PAR2, providing the first example of a PAR-specific transcriptional response in endothelial cells. The induction of MCP-1 by APC was a puzzling observation, because MCP-1 can have proinflammatory effects by supporting local monocyte recruitment, for example in lesion progression in arteriosclerosis \[[@B38],[@B39]\]. However, in systemic inflammation, such as sepsis, administration of MCP-1 is protective and neutralization of MCP-1 increases lethality in response to endotoxin challenge \[[@B40],[@B41]\]. MCP-1 acts on monocyte/macrophages to suppress proinflammatory interleukin-12 and TNF-α induction. MCP-1 also targets T-cells to induce T-helper-2 polarization and the associated upregulation of anti-inflammatory cytokines interleukin-10 and -13 \[[@B38],[@B39]\]. These cytokines are crucial for control of the systemic inflammation that is responsible for the lethality in sepsis models driven by local inflammation \[[@B42]\]. In contrast to the proinflammatory effects of local upregulation of MCP-1, systemic upregulation of MCP-1 thus predominantly serves to counteract exaggerated, systemic inflammatory responses. The unique property of the APC-PAR1 pathway to induce MCP-1 selectively in endothelial cells throughout the vasculature may accomplish a systemic upregulation of MCP-1 that shifts the balance of the cytokine networks toward anti-inflammatory and protective effects.

Proinflammatory effects of coagulation protease signaling
=========================================================

Upon low-dose endotoxin stimulation monocytes rapidly upregulate TF \[[@B43]\], but TF-directed inhibitors did not influence the cytokine response under these conditions \[[@B44]\]. In contrast, inhibitors of the TF-initiation complex reduce proinflammatory cytokines such as interleukin-6 in lethal sepsis models induced by high-dose endotoxin \[[@B26],[@B27]\], indicating that signaling by coagulation proteases contributes only to exacerbated cytokine production, and not to the initial inflammatory response. In lethal primate models of septicemia, TF is upregulated in endothelial cells of the marginal zone of the spleen, in alveolar lung epithelial cells, splenic macrophages, and renal glomeruli epithelial cells \[[@B45]\]. Multiple intravascular and extravascular cell types can therefore contribute to the TF-driven escalation in the inflammatory response. In the escalation of sepsis, the vascular permeability changes may lead to an increasing contribution of extravascular cells to the proinflammatory effects. The seemingly paradoxic finding that coagulation protease mediated PAR signaling influences both the proinflammatory and anti-inflammatory response may be explained, in part, by the fact that TF-dependent signaling activates multiple cell types, whereas APC signaling is endothelial cell restricted.

Implications for the use of anticoagulants in sepsis therapy
============================================================

The described mechanisms by which the procoagulant and anticoagulant pathways regulate the inflammatory balance *in vivo* add new aspects of how to approach anticoagulant therapy in septic patients. Inhibitors of the TF-initiation complex are expected to block the proinflammatory signaling of the initiation reaction and thus have anti-inflammatory benefits that are not recapitulated by anticoagulants that target thrombin, a notion that is supported by several preclinical studies \[[@B25],[@B26],[@B27],[@B46]\] (Fig. [3](#F3){ref-type="fig"}). Antithrombin III (ATIII) can inhibit TF--VIIa, in addition to Xa and thrombin. In the absence of heparin, antithrombin can bind to cell-surface proteoglycans and thereby act as an inhibitor of membrane-associated signaling complexes. Consistent with this notion, recombinant ATIII attenuates the inflammatory response and improves survival similar to other direct TF inhibitors in lethal, preclinical sepsis models \[[@B47]\].

In a large clinical sepsis trial, however, ATIII\'s benefit in improving 90-day survival was reversed in patients receiving heparin therapy \[[@B48]\]. Heparin displaces ATIII from cell surfaces where coagulation signaling complexes are expressed, and it enhances the inhibitory activity of ATIII toward the fluid-phase protease thrombin. One may expect anti-inflammatory benefits from such enhanced thrombin inhibition through the suppression of fibrin deposition, of leukocyte recruitment to sites of inflammation, and of resulting microcirculatory dysfunction. However, these beneficial effects may be entirely negated by the concomitant reduction in thrombin-dependent APC generation and APC-mediated protective signaling.

There is evidence that the physiologic protective PC pathway is progressively downregulated in sepsis, predominantly through a loss of thrombomodulin and, less pronounced, of EPCR from endothelial cells \[[@B49]\]. APC therapy may rescue the disabled APC pathway in severe sepsis and restore anti-inflammatory APC-PAR1 signaling by utilizing residually expressed EPCR. Notably, blocking EPCR in preclinical sepsis models worsened the inflammation and increased lethality \[[@B50]\]. The clinical observation that only patients with severe sepsis benefited from APC therapy \[[@B33]\] is consistent with the notion that a physiologic protective pathway becomes progressively disabled in the escalation of sepsis syndrome. Anticoagulants that target the TF-pathway directly may provide additional benefit in reducing the inflammatory response. Whether upstream coagulation inhibitors can be clinically applied without disabling the protective PC pathway remains an open question.

The concept is emerging that proinflammatory and anti-inflammatory signaling is separable from the hemostatic response. This concept has implications for potential future improvements in anti-inflammatory therapy targeting the coagulation pathways. For example, APC may be engineered to have reduced activity toward degradation of factors Va and/or VIIIa, or increased affinity for EPCR, resulting in more efficient EPCR-dependent protective signaling in endothelial cells with reduced bleeding complications. Similarly, tailoring inhibitors to specifically reduce signaling by the TF-initiated coagulation complex may yield partial anticoagulants that allow for the release of sufficient quantities of Xa to yield a hemostatic response, while simultaneously controlling the escalation of the inflammatory cytokine response in sepsis.

Conclusion
==========

The recent appreciation of cell signaling as a physiological component of the pro- and anticoagulant pathways has provided a mechanistic understanding for the anti-inflammatory effects of APC in septicemia. Coagulation protease signaling through PARs appears to play an important immuno-modulatory role during systemic inflammation. The elucidation of basic principles of signaling of the pro- and anticoagulant pathways has far reaching implications for strategies in sepsis therapy that target the coagulation system.
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![Cell surface coagulation complexes of the procoagulant and anticoagulant pathways. The coagulation pathways are initiated by tissue factor (TF), which serves as the allosteric activator of the enzyme coagulation factor VIIa (VIIa). The TF--VIIa complex binds substrate factor X (X) through multiple contacts at so-called exosites, leading to the formation of a fairly stable TF--VIIa--X complex in which substrate X is converted to product Xa. When Xa is released from this complex, it associates with the cofactor Va to form the Va-Xa (prothrombinase) complex, predominantly on activated platelets that expose procoagulant phospholipid binding sites for Va and Xa. The intrinsic factor VIIIa-IXa complex can generate additional Xa that further amplifies the burst of thrombin generation required for hemostasis. Cell surface receptor mediated events also govern activation of the anticoagulant protein C (PC) pathway, which is localized to endothelial cells. Thrombomodulin (TM) binds thrombin and switches the procoagulant properties of thrombin to anticoagulant functions. Endothelial PC receptor (EPCR) is the receptor for PC and activated protein C (APC), and promotes activation of PC by thrombin--thrombomodulin. When APC is released from EPCR, it can act as a systemic anticoagulant by cleaving cofactors Va and VIIIa on various cell types.](cc1825-1){#F1}

![Coreceptor-dependent activation of protease-activated receptors (PARs) by coagulation proteases. Relevant signaling complexes are schematically represented and the target PARs are listed. In primary endothelial cells, activated protein C (APC) signaling is mediated through PAR1, whereas tissue factor (TF)-VIIa-Xa can signal when PAR1 is blocked, indicating signaling through PAR2. TF--VIIa inefficiently signals in endothelial cells \[[@B20],[@B22]\].](cc1825-2){#F2}

![Targets of anticoagulant therapy and their efficacy in providing anti-inflammatory benefit in sepsis. Anticoagulants (shown in red and boxed) showed preclinical efficacy in preventing lethality, whereas anticoagulant mechanisms (shown in blue and circled) failed to protect in sepsis. ATIII, antithrombin III; TF, tissue factor; TFPI, tissue factor pathway inhibitor.](cc1825-3){#F3}
